Several of the major incidents resulting in potential human exposures to polychlorinated dibenzodioxins (PCDDs) and/or polychlorinated dibenzofurans (PCDFs), polychlorinated biphenyls (PCBs) and related compounds which have occurred in the U.S. in recent periods have resulted from improper disposal of hazardous chemical wastes. Prominent examples of such environmental contamination episodes are the Love Canal, into which ton quantities of chlorinated organic compounds containing substantial concentrations of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were deposited; numerous sites in the State of Missouri which were contaminated by the dumping of chlorinated organic wastes containing various PCDDs and possibly PCDFs, and PCBs; and the environs of a 2,4-D/2,4,5-T manufacturing plant site in Arkansas, which were contaminated with PCDDs. Environmental assessments of such sites have revealed extensive contamination of soils, waterways, fish and other biological species with these toxic compounds, which in turn could lead to human exposures. Other recently identified sources of PCDDs, PCDFs and related compounds in human environments include stack effluents from municipal refuse incineration, and fires and explosions involving electrical devices containing PCBs and polychlorinated benzenes. Data obtained in assessments of such incidents are presented, and the implications of these findings with respect to the distribution and persistence of PCDDs, PCDFs and related chemicals in the environment and possible effects on humans are discussed.
Introduction
There is increasing recognition in the United States that polychlorinated dibenzodioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and polychlorinated biphenyls (PCBs) are accumulating in the environment, largely as a consequence of several major contamination incidents which have received widespread publicity. However, the U.S. has not experienced episodes of human exposure and toxic response to such compounds which are comparable in severity or magnitude to the Yusho incident, which occurred in Japan, or the similar Yu-Cheng incident which occurred in Taiwan, and which are discussed in much detail in other papers in this volume. Accidental oral ingestion by humans of such compounds in substantial quantities, as occurred in the latter incidents, has not been experienced in the U.S., and human exposures to PCDDs, PCDFs and PCBs in this country have generally been much more subtle, and consequently, possible effects have been much more difficult to diagnose. U.S. investigators have therefore obtained very little information about the persistence and effects of toxic PCDDs, and PCDFs in human tissues and organs. Somewhat more information has been obtained with respect to residues of PCBs in human tissues, but the health effects of such residues are still uncertain. As a result of the generally lower exposures of humans in the U.S. to the PCDDs and PCDFs, even in cases of substantial environmental contamination, as compared to the Yusho and Yu-Cheng incidents, the levels of these compounds that have been detected in human tissues are extremely small, and detection requires highly sophisticated analytical procedures. The only PCDDs which have been detected thus far in humans are TCDDs (1) , and the presence of other PCDDs and PCDFs has either not been sought or has not been reported. In cases where TCDDs were detected, the concentrations were in the low parts-pertrillion range. Quantitative measurement of such concentrations of PCDDs with reliability typically requires 5 to 10 g of the tissue being analyzed, even with the state-of-the-art analytical procedures.
Interpretation of the finding of TCDDs (or of any PCDDs, PCDFs or PCBs, for that matter) in human tissues is difficult to interpret in terms of any particular exposure episode or accident which has occurred in the U.S. because the residual levels of these compounds which may be present in the 'unexposed" population have not been established. Some evidence has been obtained, however, which suggests that there is a background level of TCDDs in some segments of the general population (2) , but the principal mechanisms of human exposure and absorption of these compounds are largely unknown. Thus, the dangers to humans which are posed by the presence of these compounds in air, water, soils and sediments, and food (fish, for example) are still uncertain.
In spite of our limited knowledge of the human toxicity of compounds such as the PCDDs, PCDFs and PCBs, there is still widespread interest in the U.S. in the contamination of the environment with these compounds, and potential human health effects resulting therefrom, as clearly indicated by the presentations of other U.S. participants in this conference. It is accurate to say that, in the U.S., we are still primarily in an assessment mode, in which we are attempting to define the major sources and extent of contamination of human environments with such compounds. In this respect, much more attention has been given thus far in the U.S. to the PCDDs than to the PCDFs. This has been largely due to the fact that U.S. regulatory agencies, such as the U.S. Environmental Protection Agency and the U.S. Food and Drug Administration have focused their concerns almost entirely on TCDDs, and even on the 2,3,7,8-TCDD. This focus originated with the initial belief that certain chlorophenols and their derivatives were the major sources of TCDD contamination in the environment. More recent studies by our laboratory (3) (4) (5) and by a few other groups (6) (7) (8) (9) (10) have shown that various combustion processes, for example, municipal refuse incinerators, can be significant sources of a broad spectrum of PCDDs and PCDFs, as well as other related chlorinated organic compounds (chlorophenols, cholorobenzenes) which may be involved in formation of the former. Other events which have called increasing attention to the PCDFs in the U.S. recently are the occurrences of fires and breakdowns in PCB-filled electrical devices (transformers and capacitors), with resultant environmental contamination and, in some cases, human exposures to toxic PCDFs produced in these combustion processes. It seems likely that significant numbers of such accidents have occurred in the U.S. over the past several years, but the magnitude of the potential hazard from such events has only recently been recognized. The experiences of Japanese and Chinese scientists with the Yusho and Yu-Cheng incidents should be particularly relevant in attempting to assess the U.S. episodes with PCB-electrical device failure, and possible human health consequences.
The present paper describes recent work of the Brehm Laboratory on several major environmental assessments in the U.S. which have been concerned with PCDDs/PCDFs contamination. Also briefly described are on-going collaborative efforts with medical scientists to diagnose and understand human toxic effects resulting from exposure to these compounds. Prior to presenting data obtained in these investigations, the analytical procedures utilized in determining PCDDs/PCDFs and related compounds in various environmental and biological sample matrices will be briefly summarized.
Methodology for Analysis of PCDDs/ PCDFs and Related Compounds PCDDs/PCDFs
The analytical procedures applied to determine quantitatively the concentrations of PCDDs and PCDFs in environmental and biological media involve a sequence of three operations: (a) destruction and/or extraction of PCDDs/PCDFs from the sample matrix and partitioning of these into an organic solvent; (b) preliminary separation of PCDDs/PCDFs from other matrix constituents using aqueous-organic partitioning techniques and liquid chromatography; (c) detection of PCDDs/ PCDFs in the cleaned-up extract using coupled gas chromatography-mass spectrometry (GC-MS). These steps are described in more detail in the following and in a recent review. (11) Addition of Isotopically Labeled Internal Standards.
Isotopically labeled PCDDs are added in known quantities to each sample prior to analysis. These provide a basis for the quantitative determination of the native PCDDs in the sample, and any losses of the latter incurred in sample processing are then automatically taken into account. The recovery of the internal standards which is achieved also provides an indication of the overall efficacy of the analytical procedure. Depending upon the PCDD analytes which are being determined, the internal standards added to the sample may include any or all of the following: 37Cl4-2,3,7,8-tetra-CDD; 13C 2-2,3,7,8-tetra-CDD;37C14-1,2,3,4,6,7,8-hepta-CDD; 3 Cl8-octa-CDD; 13C12-octa-CDD. The labeled tetra-CDDs are used as the reference for tetraand penta-CDDs and CDFs, the labeled hepta-CDD is used as the reference for hexa-and hepta-CDDs and CDFs and the labeled octa-CDDs are used as the reference for octa-CDDs and CDFs, since only a limited number of isotopically labeled standards are available.
Digestion andlor Extraction of Samples. Solid samples which cannot readily be digested or completely dissolved, such as soils, sediments, particulates from combustion and other sources, are extracted, following addition of the internal standards, either in a Soxhlet apparatus or by agitating the sample with solvent in a sealed bottle, typically for a period up to 16 hr. Benzene or toluene is the solvent usually utilized in Soxhlet extractions. Bottle extractions are generally accomplished with hexane-methanol as the solvent.
Solid samples which can be completely dissolved, such as human and other animal tissues, are initially digested, following addition of the internal standards using 40% KOH and ethanol, with mild heating and agitation of the mixture in a sealed bottle. The digested mixture is then extracted with petroleum ether or hexane. Alternatively, some tissues samples, such as fish, are digested with concentrated HCI, followed by extraction with hexane.
Liquid samples, such as water, solvents and other liquids from combustion trains and other sources, chemical wastes, and blood, are extracted following addition of internal standards, by agitating the sample with a solvent in a sealed bottle for periods ranging from 3 to 16 hr. Petroleum ether, hexane or methylene chloride is generally used as the solvent with such samples.
Preliminary Fractionation and Cleanup of Extracts.
Extracts resulting from the foregoing procedures are usually treated by a sequence of washings Table 1 for ion masses monitored); data system: Kratos DS55SM.
The criteria which GC-MS data must satisfy in order to be attributed to PCDDs/PCDFs present in the sample extracts are as follows.
(1) The mass chromatographic peaks produced by the unknown component must exhibit appropriate GC retention times; that is, they must fall within a retention time 'window" established for a particular class of PCDD or PCDF (e.g., tetra-CDD). These "windows" are established by injecting representative standards for each class of PCDD and PCDF (2) Mass chromatographic peaks produced by the component must exhibit the appropriate response for at least two major ions characteristic (that is, known to appear in the mass spectrum) of the particular PCDD or PCDF class being monitored. The ratio of relative intensities of the two ions monitored as indicators must correspond to that resulting from injection of a corresponding calibration standard within + 30%. (3) In cases where the sample matrix causes shifts in the GC retention times of the components of interest, as compared to the retention times of the corresponding standards determined from a separate injection of standards, and as indicated by analogous shifts in the retention times for the internal standards added to the sample, the identification of a specific PCDD and/or PCDF must be confirmed by coinjection of the sample with an added quantity of the PCDD or PCDF isomer in question. Enhancement of a given mass chromatographic peak upon such coinjection leads to tentative assignment of the unknown peak as a specific PCDD or PCDF isomer.
There Since pure standards corresponding to all of these isomers are available in few if any laboratories, the approach currently utilized for calibration of the GC-MS instrumentation and quantitation of the compounds of interest in analyses such as those described here is to utilize selected standards representative of each chlorinated class of the PCDDs/PCDFs and to assume that the data obtained for these is representative of all isomers in each chlorinated group (for example, monochlorinated, dichlorinated, etc.). The procedures employed here entail obtaining a mass spectrum for each of 
Polychlorinated Biphenyls
The sample extract fraction from the liquid chromatographic separation procedure which contains the PCBs (as identified earlier) is analyzed using the same general GC-MS approach as that described above for PCDDs/ PCDFs. In this case, however, the internal standard utilized is D6-3,3',4,4'-tetra-CB. The GC and MS parameters are essentially the same as described for the PCDDs/PCDFs except that the DB-5 capillary GC column is used exclusively in this case, and the GC temperature programming and the MS ions monitored in the SIM mode are different, as shown in Table 3 . The chlorinated biphenyls used for calibration in these analyses are 4-CB; 3,3'-diCB, 2,4',5-triCB; 3,3',4,4'-tetraCB; 2,2',6,6'-tetraCB; 2,3,4,5,6-pentaCB; 2,2',4,5, 5'-pentaCB; 2,2',4,4',5,5'-hexaCB; 2,2',3,4,4',5,5'-octa-CB; 2,2'3,3',4,4',5,6,6'-nonaCB; and 2,2',3,3',4,4',5,5', 6,6'-decaCB.
Chlorobenzenes
The sample extract fraction containing chlorobenzenes (as noted in the earlier section) is analyzed by using the same procedures as described above for the PCDDs/ PCDFs, except that the internal standard used in this case is 13C6-hexachlorobenzene, and the GC temperature program and the mass spectral ions monitored are those appropriate for the chlorobenzenes (see Table 3 ).
Chlorophenols
The aqueous sample extract fraction containing the sodium chlorophenates (as noted in the previous section on sample cleanup procedures) is acidified and the chlorophenols are partitioned into benzene. This solution is concentrated and treated with acetonitrile, pyridine, isooctane and acetic anhydride, in order to acetylate the chlorophenols. The derivatized chlorophenols are then subjected to GG-MS analyses by essentially the same procedures described above for the other compounds monitored in these studies, except that, again, the GC program and the mass spectral ions monitored are those appropriate to the chlorophenols as shown in Table 3 . Also, for the chlorophenol analyses, the internal standard used is 13C6-pentachlorophenol. bDuplicate analysis of a second sample aliquot from this site.
Sources of PCDDs
clndicates not detected; minimum detectable concentrations for these samples were generally in the 10-100 ppt range.
recovery of the added TCDD typically being on the order of 70% or better.
Of the several types of samples from the Love Canal area which were analyzed for TCDD, the air samples, soil samples from the vicinity of homes around the former canal, surface water samples, and water samples from the groundwater monitoring wells were found to contain no TCDD (with detection limits in the ppt range).
As shown by the data presented in Table 4 Table 4 , which were collected at storm sewer locations other than those along the sewer lines draining the immediate former canal area, (for example, A-2, A-5 through A-8 and A-18, and A-22) showed nondetectable levels of 2,3,7,8-TCDD. These results provide strong evidence that 2,3,7,8-TCDD from the canal area was sorbed on soil particulates and transported by water flow through the storm sewers. The tendency for TCDD to accumulate in sediments has been observed previously, and the generally low concentrations of TCDD observed in water reflect the low aqueous solubility of these compounds.
The hypothesis regarding migration of the 2,3,7,8-TCDD from the canal area is further supported by the findings of these compounds in stream sediments collected from Black and Bergholtz Creeks and from the Niagara River near the storm sewer outfall points. These data are shown in Table 5 . Table 5 also shows the 2,3,7,8-TCDD concentrations detected in samples collected from basement sumps of houses located in the former canal area. All of the sump samples in which TCDD was detected (those results reported in Table 5 ) originated from houses located in the immediate periphery (the so-called "ring 1") of the former canal. One such sample (S5033) exhibited a concentration of 9570 ppb. This site was coincident with a known sand lens on the western side of the Love Canal, where leakage from the canal was apparently Table  6 . The initial results obtained in these analyses were announced by EPA on August 18, 1982, and it was immediately apparent that, at least under the conditions prevailing at the Missouri sites, 2,3,7,8-TCDD exhibits a much longer half-life in soils than the one year which had previously been estimated. These results prompted one of the largest environmental assessments yet undertaken in the U.S. Literally thousands of soil, water and biological samples have been collected from some 33 suspected sites throughout the State of Missouri during 1983 and analyzed for 2,3,7,8-TCDD by EPA and ten contract laboratories. The Brehm Laboratory has continued to play a key role in assessing the Missouri problem, and provided much of the data which ultimately led to evacuation of an entire Missouri town, Times Beach, Missouri, which had been heavily contaminated with 2,3,7,8-TCDD (see Table 7 ). The U.S. government subsequently purchased all property in this town and relocated the residents.
Long-term health effects on the population of Missouri which was exposed to 2, 3, 7, are not yet apparent, but several medical surveys are in progress or are planned. Hopefully, these will include chemical measurements aimed at detection of TCDD in human tissue samples. Combustion Processes as Sources of PCDDs/PCDFs
In the late 1970s several European investigators reported the detection of PCDDs/PCDFs in fly ash and other combustion products from the incineration of municipal refuse. These findings have been summarized in a review by Lustenhouwer et al. (15) . Concerns raised by these observations prompted the U.S. EPA to support investigations by the Brehm Laboratory of municipal refuse incinerator effluents to determine whether or not toxic compounds such as these were being generated. This led to the first report of PCDDs/PCDFs in such effluents in the U.S. by our laboratory in 1979, based on measurements on the effluents from a waste-fueled boiler in Nassau County, NY (3). Subsequently, more elaborate investigations were accomplished by the Brehm Laboratory on several other municipal incinerators. In addition to analyzing the effluents from these plants for PCDDs/PCDFs, other related chlorinated hydrocarbons, including chlorophenols, chlorobenzenes and PCBs, were also determined in an effort to obtain insight into the mechanism of information of PCDDs/PCDFs in such combustion environments. Some of the data obtained in these studies have been reported previously (4, 5) , and the stack sampling and analytical procedures applied have been described in some detail. The analytical methodology applied is essentially that presented earlier in this paper.
Results of the analyses of stack effluents from two different incinerators, one located in Virginia and the other located in Ohio, are presented and compared here. The Virginia plant sampled is a refuse-fired steam boiler which burns ordinary "as-received" municipal refuse on a grate. The Ohio plant was burning a compacted pelletized fuel prepared by processing municipal refuse at the time the stack samples reported here were collected. The latter plant is also a steam- Table 8 , the measured concentrations of PCDDs/ PCDFs, chlorobenzenes and chlorophenols in the effluents from the two plants mentioned above are summarized. In both cases, the concentrations of PCBs in the effluents were negligible by comparison with the other compounds listed. As can be seen from the data in Table 8 , the concentrations of PCDDs/PCDFs and related compounds in the combustion effluents from the Virginia plant are substantially larger (by factors ranging from about 30 to 800) than the corresponding products from the Ohio plant. Probably, this reflects, in part, the greater combustion efficiency achieved at the Ohio plant, but these differences may also be due to substantial differences in the municipal refuse fuel incinerated by the two plants. Of the several types of chlorinated hydrocarbons determined, the chlorophenols are present in the largest concentrations in the effluents from both incinerators, although substantial quantities of the chlorobenzenes are also observed. It is seen that the total PCDFs are more abundant than the total PCDDs by about a factor of two in both cases. The two incinerators show some differences in the relative concentrations of the various chlorinated classes (for example, tetra-, penta-, etc.) of the several compounds detected, as indicated in Table 9 . This is particularly evident for the chlorophenols. Trichlorophenol is the major chlorophenol in the effluents from the Virginia incinerator, whereas pentachlorophenol is dominant in Table 9 also shows the relative concentrations of the various chlorinated hydrocarbons determined in several different incinerator tests at each of the two sites. Since the composition of municipal refuse undoubtedly varies considerably over a period of time, it would be expected that the quantities of the chlorinated hydrocarbon effluents would vary considerably from test to test. Such variations would also be expected to be greater for the Virginia plant which burned ordinary "as-received" refuse than for the Ohio plant which utilized a preprocessed moderately uniform refuse-derived fuel. In general, the data are consistent with these expectations, but the variations from test-to-test do not seem to be as great as might have been anticipated, with the exception, perhaps, of the chlorobenzenes.
It is interesting that the tetra-CDDs, which are currently of greatest concern from a toxicity viewpoint, are generally the least abundant of the PCDDs in the effluents from both incinerators. In the case of the tetra-CDDs, the isomeric composition of these compounds in the effluents was determined. As shown in Table 10 , the highly toxic 2,3,7,8-TCDD is a very minor component of the tetra-CDDs (about 1% of the total TCDDs). The pattern and abundance of tetra-CDD isomers was remarkably similar in the effluents from both incinerators discussed here.
The implications of the present findings with respect to the mechanism of formation of PCDDs/PCDFs in combustion processes has been discussed elsewhere (4), but it seems likely that both the chlorobenzenes and the chlorophenols are precursors and/or intermediates in the formation of the PCDDs/PCDFs. The levels of PCDDs/PCDFs generated by the fire in the Binghamton State Office Building are obviously of concern in terms of possible human exposures of firemen, who were in the building at the time of the fire aPrefix designations are: T-= tetra; P-= penta-; Hx-= hexa-; Hp-= hepta-; 0-= octa-. 
